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Abstract 
It is desired to simulate natural rain in a 
wind tunnel in order to investigate its influence 
on the aerodynamic characteristics of aircraft. 
Rain simulation nozzles have been developed and 
tested at JPL. Pulsed laser sheet illumination is 
used to photograph the droplets in the moving 
airstream. Digital image processing techniques are 
applied to these photographs for calculation of 
rain statistics to evaluate the performance of the 
nozzles. It is found that fixed hypodermic type 
nozzles inject too much water to simulate natural 
rain conditions. A modification uses two aero- 
dynamic spinners to flex a tube in a pseudo-random 
fashion to distribute the water over a larger area. 
Jntroduction 
This paper will discuss techniques that have 
been developed at JPL to simulate rain in a wind 
tunnel and measure its characteristics using 
photographic methods aided by digital image 
processing. 
NASA Langley Research Center in collaboration 
with Goddard Space Flight Center-Wallops Flight 
Facility is currently studying the effects of heavy 
rain on the aerodynamics of transport type air- 
craft. Increased drag and a reduction in the 
maximum lift coefficient have been attributed to 
surface roughness associated with the water film 
and to interactions between the dro let impacts and 
the boundary layer on the surface!.2 The regime 
of greatest interest corresponds to conditions 
encountered during takeoff and 1 andi ng . During 
these phases, the airspeed is low and the aircraft 
is therefore more susceptible to adverse effects 
associated with heavy rain. 
Rain Simulation in Wind Tunnels 
In simulating natural rain conditions in a 
wind tunnel, it is important to reproduce the 
correct rain drop size distribution and liquid 
water content (LWC), defined as the mass of liquid 
contained in a unit volume of air. As the severity 
of the rainfall increases, the average drop siz 
increases, as indicated in Fig. 1 and Table 1. 5 
Even for very intense rainfall, the drop size will 
not exceed about 8 mn since larger drops have 
terminal velocities large enough that aerodynamic 
forces cause the drops to break up. When water is 
ejected from a tube, the cylinder of extruded 
water pinches of into droplets due to surface 
mop o lwtrrn  (-1 
Figure 1. Drop Size Distribution for Natural Rain 
l ~ s s i  stant Professor, Department of Appl ied Mechanics 
and Engineering Sciences. 
All authors are members of A I M .  
This paper is declared a work of the U.S. 
Government and therefore is in the public domain. 
Table 1 
Natural Rain Intensity ~efinitionsj 
Classification Precipitation Droplet LWC 
Intensity Di am. (g/m3) 
(mm/hr) (m) 
Fog 
Mi st 
Drizzle 
Light Rain 
Moderate Rain 
Heavy Rain 
Excessive Rain 
Cloudburst 
Trace 
0.05 
0.25 
1 .o  
4.0 
15.0 
40.0 
I00 to 1000 
tension effects. This is known as the Rayleigh 
instability. The droplets formed in this manner 
have a diameter very close to twice the internal 
diameter of the tube employed. If the water 
injection velocity is sufficiently different from 
that of the co-flowing airstream, then the drop1 ets 
will shatter due to the aerodynamic break-up 
mentioned above. 
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In the first phase of this project, a set of 
nozzles, each having several fixed hypodermic 
needles, was employed to generate water spray in 
the NASA Langley 4m x 7m wind tunnel. Prior to the 
Langley tests, the characteristics of these no zles 
were evaluated in a small wind tunnel at JPL.j An 
agricultural spray nozzle, which produced a hol 1 ow 
elliptic water spray was also evaluated. The water 
pressure in this initial series of tests was 
limited to 100 psi due to safety considerations at 
Langley Research Center. This pressure restriction 
resulted in injection velocities low enough that 
aerodynamic break-up reduced the drop size signifi- 
cantly. If the pressure is increased to match the 
velocity of the droplets to that of the co-flowing 
freestream of air, then far too much water is 
injected, resulting in LWCs an order of magnitude 
greater than occurs natural 1 y, even in torrenti a1 
downpours. In an attempt to alleviate this 
problem, a type of rotating nozzle was developed to 
distribute the water from a single tube over 
approximately the same area. 
A basic restriction on the use of tubes 
supplied continuously with water is that when the 
relative velocity between the air and the water 
droplet exceeds a critical value dependent upon 
the diameter of the drop. Larger drops break up 
more readily than smaller dr0~s.3 Even with the 
axial velocity matched to that of the freestream, 
droplets injected at an angle will still experience 
a relative velocity which, if sufficiently large, 
will cause break-up. The larger drops that must be 
generated to simulate very heavy rain can tolerate 
only very small velocity differences, which 1 imits 
the angle that the injection tube can be inclined 
with respect to the freestream. This, in turn, 
limits the area that can be covered at some 
downstream test location. 
Some technique for interrupting the flow of 
water while maintaining a high injection velocity 
is needed. One possibility contemplated is the use 
of piezoelectric crystals to produce "droplets-on- 
demand" as in some inkjet printers. Some difficul- 
ties associated with such an approach are that very 
high pressures must be generated in the crystal and 
that some technique for aiming the output jet must 
be devised. 
kasurement of Simulated Rain Conditions 
In order to measure the characteristics of the 
rain generated by the various nozzles, a droplet 
illumination and photographic system was developed 
at JPL and used in tests both at JPL and Langley. 
The technique uses digital image processing to 
determine the drop size distribution. A sheet of 
pulsed laser light is used to illuminate a cross- 
section in the area of interest. To aid in 
visualizing the droplets, a small concentration of 
fluorescent dye, such as Fluorescein or Rhodami ne 
86, is added to the water injected through the 
nozzles. Several photographs are then taken from 
which the characteristics of the rain are deter- 
mined. These photographs are digitized using a 
DeAnza IP 5400 system and a PDP 11/34 host computer 
as a driver. This system has three color 512x512 
vidicon arrays with eight bit resolution for each 
pixel. In order to reduce noise, 64 successive 
images of each photograph are averaged. The 
software developed at JPL identifies dropl ets in 
the photographs and determines their diameters. A 
histogram of drop sizes is then calculated and 
plotted. The spatial distribution could also be 
investigated, but this would require many more 
samples to obtain significant statistics. Basi- 
cally, it is desired to have a uniform spatial 
distribution. Poor spatial distribution can 
generally be determined by visual inspection. 
Experimental Apparatus 
The JPL open return wind tunnel used to 
develop the rain nozzles has a test section 18"x18" 
and a top speed of 200 ft/sec. A stream1 ined strut 
extending across the test section shrouds the water 
supply line which feeds the nozzle being tested. 
The water is contained in a 20 gallon pressure 
vessel and is driven by high pressure nitrogen at 
up to 500 psi. A rotameter in the water supply 
line gives the flowrate from which the injection 
velocity and LWC can be determined. A schematic of 
the experimental setup is shown in Fig. 2. 
fUlN 
NOZZLE 
----a 
WD TUNNEL 
w 
LY jL 
lASER SHEET 
Figure 2. Experimantal Apparatus 
The output of a Nd:YAG laser is used to 
illuminate a cross-section of the flow downstream. 
The laser provides ten pulses a second, each with 
an energy of 0.2 Joules and a duration of 20 ns. 
The beam is passed through a cylindrical lens to 
form a sheet of light perpendicular to the flow. 
The thickness of the sheet is equal to the exit 
diameter of the laser 1 ight, about 5 mn. 
A tilt-back camera is positioned to photograph 
the sheet of light. The back of the camera is 
tilted to keep the film plane parallel to the 
laser sheet in order to eliminate parallax error. 
The number of droplets caught in the sheet of 1 ight 
during the pulse is small so typically a multiple 
exposure is taken of five consecutive flashes. To 
further reduce errors associated with dropl ets 
caught entering or leaving the sheet, a beam 
expander may be used to increase the thickness of 
the sheet to about 2 cm before expanding it into a 
sheet. The image is then digitized and the 
resulting image is processed using edge detection 
and thresholding algorithms. Once droplets have 
been identified, the diameters are determined and a 
histogram of their sizes is compiled. 
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Since t h e  r e s o l u t i o n  o f  t h e  4"x5" photographic  
negat ive (equ iva len t  t o  3350x4200 p i x e l s )  i s  
considerably  h i g h e r  than  t h a t  o f  t h e  d i g i t i z e r  
(512x512 p i x e l s ) ,  t h e  image i s  d i g i t i z e d  i n  severa l  
patches t o  achieve b e t t e r  r e s o l u t i o n  o f  t h e  
d rop l  e t s .  
Jmase Processins Svstem 
Image a c q u i s i t i o n ,  d i s p l a y  and process ing i s  
accomplished us ing  a  DeAnza I P  5400 image process-  
i n g  system. The hardware package incorpora tes  a  
v i d i c o n  and camera c o n t r o l l e r  f o r  analog image 
format ion,  t h r e e  image r e f r e s h  random access memory 
channel s, RAM, d i g i t a l  v ideo a r r a y  processor, and 
c o l o r  v ideo d i s p l a y .  The analog s i g n a l  from t h e  
v ideo camera i s  d i g i t i z e d  by an A/D conver te r  and 
f e d  d i r e c t l y  t o  t h e  a r r a y  processor which i n  t u r n  
c o n t r o l s  t h e  d a t a  f l o w  and w r i t e s  t h e  data i n t o  
one o f  t h e  memory planes a t  a  r a t e  o f  30 frames 
per  second. The d i g i  t i z a t i o n  process conver ts  
each p i c t u r e  i n t o  512x512 m a t r i x  elements ( p i x e l s ) .  
Each p i x e l  i s  a  one b y t e  number (256 r e s o l u t i o n  
l e v e l s )  rep resen t ing  t h e  average o p t i c a l  d e n s i t y  
i n  an elementary c e l l  whose s i z e  determines t h e  
s p a t i a l  r e s o l u t i o n  o f  t h e  system. While d i g i t i z -  
a t i o n  can proceed a t  30 frames per  second, 64 
consecut ive images a re  averaged t o  reduce random 
no ise  i n  t h e  v i d i c o n  and d i g i t i z e r .  The d i g i t i z e d  
image i s  then s to red  on mass s torage devices f o r  
f u r t h e r  o f f  l i n e  process ing.  
Software r e s i d i n g  i n  t h e  PDP 11/34 hos t  
computer operates through a  d i r e c t  memory access 
(DMA) i n t e r f a c e  through which t h e  PDP 11 sends and 
rece ives  i n f o r m a t i o n  f rom the  v ideo processor  
r e g i s t e r s  o r  f rom t h e  RAM channels v i a  a  d r i v e r  
program. The v i d i c o n  image d i g i t i z a t i o n ,  averaging 
and storage c a p a b i l i t y  i s  p a r t  o f  t h i s  DMA i n t e r -  
face.  
To s tudy a  d r o p l e t  p i c t u r e ,  t h e  nega t i ve  i s  
mounted on a  f l a t  l i g h t  t a b l e  and t h e  v i d i c o n  i s  
focused on t h a t  p lane.  M a g n i f i c a t i o n  onto t h e  
v i d i c o n  i s  ad jus ted  so t h a t  t h e  d i g i t a l  r e s o l u t i o n  
i s  adequate f o r  t h e  sma l les t  drop s i z e  o f  i n t e r e s t .  
The o v e r a l l  p i c t u r e  i s  thus  composed o f  a  mosaic 
o f  subimages. The opera to r  manipulates t h e  1  i g h t  
t a b l e  and v i d i c o n  i n t e r a c t i v e l y  w i t h  t h e  computer 
t o  f o l l o w  t h e  d e s i r e d  sampling s t r a t e g y .  
P i a i t a l  Imaae Processina A lso r i thms 
Fundamental t o  t h e  image process ing phase o f  
t h e  research i s  t h e  d e t e c t i o n  scheme used t o  
i d e n t i f y  i n d i v i d u a l  d r o p l e t s .  The main goal i s  t o  
d e t e c t  drops w i t h  a  b r igh tness  p r o f i l e  charac te r -  
i z e d  by r e l a t i v e l y  sharp g r a d i e n t s  a t  t h e  edges and 
n e a r l y  constant  b r igh tness  values throughout  the  
i n t e r i o r .  
A  standard approach t o  d i v i d i n g  an image i n t o  
two p r i n c i p a l  b r igh tness  values, l i g h t  and dark, 
i s  t o  s e l e c t  a  t h r e s h o l d  midway between t h e  two 
peaks i n  t h e  i n t e n s i t y  histogram. Th is  works w e l l  
i f  t h e  areas covered by t h e  two reg ions  a re  
rough ly  equal.  Here, however, t h e  d r o p l  e t s  
c o l l e c t i v e l y  cover  a  much sma l le r  area than t h e  
background and i t  i s  d i f f i c u l t  t o  i s o l a t e  t h e  
small hump i n  t h e  h is togram associated w i t h  t h e  
drops. I n  a  v a r i a t i o n  o f  t h i s  technique, t h e  
i n t e n s i t y  h is togram i s  c a l c u l a t e d  o n l y  i n  reg ions  
w i t h  g rad ien ts  above a  p re -se lec ted  l e v e l .  Thus, 
t h e  h is togram i s  composed ma in ly  o f  p o i n t s  near 
t h e  d r o p l e t  boundaries. T y p i c a l l y  a  va lue near 
t h e  s i n g l e  peak o f  t h i s  d i s t r i b u t i o n  i s  used as 
t h e  d i s c r i m i n a t o r  between "dark"  and " l i g h t "  
reg ions  o f  t h e  image. F i g .  3 con ta ins  a  sample 
d i g i t i z e d  subimage. The reg ions  o f  t h i s  p i c t u r e  
w i t h  h i g h  g r a d i e n t s  a re  dep ic ted  i n  F i g .  4  i n  
wh i te .  Based on t h e  i n t e n s i t y  h is togram f o r  t h e  
o r i g i n a l  image i n  j u s t  these regions,  a  thesho ld  
i s  se lec ted  and a p p l i e d  t o  t h e  o r i g i n a l  image. 
The r e s u l t  i s  shown i n  F ig .  5. The area o f  each 
d r o p l e t  i s  found by coun t ing  cont iguous dark  p i x e l s  
a f t e r  ho les  i n  d r o p l e t s  have been f i l l e d  i n .  The 
F igure  3. O r i g i n a l  D i g i t i z e d  Sub-image 
F igure  4. Regions w i t h  Large Gradients  
F igure  5. Resu l t  o f  Threshold ing 
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diameter o f  a  c i r c l e  w i t h  t h e  same area i s  c a l c u -  
l a t e d  and t h e  d r o p l e t  s t a t i s t i c s  based on t h i s  
parameter a re  est imated.  
Sometimes superimposed d r o p l e t s  a r e  considered 
as a  s i n g l e  d r o p l e t  by t h e  a lgor i thm.  A t e s t  
compares t h e  ac tua l  c i rcumference o f  a  dark  r e g i o n  
t o  t h e  c i rcumference o f  t h e  c i r c l e  w i t h  t h e  same 
area. C l e a r l y ,  i n  a l l  cases, t h e  ac tua l  c i rcum- 
ference w i l l  be g r e a t e r  than o r  equal t o  t h a t  o f  
t h e  c i r c l e .  I f  t h e  r a t i o  o f  t h e  two exceeds some 
c r i t e r i o n ,  then  t h e  opera to r  i s  f l agged  and g i v e  
t h e  o p t i o n  o f  e l i m i n a t i n g  t h e  o f f e n d i n g  patch f rom 
t h e  c a l c u l a t i o n  o f  t h e  s t a t i s t i c s .  The r e s u l t  o f  
t h i s  o p e r a t i o n  i s  shown i n  F i g .  6 f o r  t h e  sample 
mentioned above. 
F igure 6. F i n a l  Image w i t h  Elongated Elements Removed 
E a r l i e r  work used b a c k - l i t  d r o p l e t s  t o  form 
s i l h o u e t t e s .  The depth o f  f i e l d  was determined by 
the  camera o p t i c s  and so a  sharpness t e s t  was a l s o  
a p p l i e d  t o  t h e  d i g i t i z e d  images t o  e l i m i n a t e  
o u t - o f - f o c u s  drops. I n  t h e  present  work, a  sheet 
o f  l a s e r  l i g h t  i s  used and o n l y  drops conta ined 
w i t h i n  t h e  sheet are i l l u m i n a t e d ,  thus e l i m i n a t i n g  
t h e  problem o f  o u t - o f - f o c u s  drops. 
Comoari son of Nozzles 
Several nozz les were t e s t e d  d u r i n g  t h e  course 
o f  t h e  p r o j e c t .  Commerci a1 l y  avai  1  ab le  nozz les 
used f o r  crop dus t ing ,  e t c .  g e n e r a l l y  p rov ide  f a r  
t o o  much l i q u i d  f o r  use i n  r a i n  s i m u l a t i o n .  
A f a m i l y  of m u l t i t u b e  nozzles, d e p i c t e d  
schemat ica l l y  i n  F ig .  7, produce d r o p l e t s  w i t h  
diameters about 2 mn, which i s  reasonable f o r  r a i n  
i n t e n s i t i e s  c l a s s i f i e d  as exc ss ive .  However, t h e  5 LWC obta ined i s  about 100 g/m , which i s  t o o  h i g h  
f o r  any n a t u r a l l y  o c c u r r i n g  r a i n s .  
A  t y p e  o f  r o t a r y  nozz le was a l s o  developed 
c o n s i s t i n g  o f  a  s t a i n l e s s  s t e e l  tube about t h r e e  
inches long  w i t h  an i n t e r n a l  d iameter  o f  0.070". 
Two c o u n t e r - r o t a t i n g  a e r o d y n a m i c a l l y  d r i v e n  
sp inners r o t a t e  f r e e l y  on t h i s  tube  a t  s l i g h t l y  
d i f f e r e n t  speeds and d r i v e  t h e  e x i t  i n  a  pseudo- 
random p a t t e r n ,  caus in  t h e  water t o  be i n j e c t e d  a t  8 angles up t o  about 5 . Th is  nozz le  i s  shown i n  
F ig .  8 and produces d r o p l e t s  w i t h  diameters o f  
about 1 mn, a  l i t t l e  sma l le r  than t h e  m u l t i t u b e  
nozzles discussed above. Since t h i s  s t r a t e g y  uses 
a  s i n g l e  tube t o  cover  an area comparable t o  t h a t  
produced by t h e  m u l t i t u b e  nozzles, t h e  LWC i s  
reduced considerably .  LWC on t h e  o rder  o f  20g/m3 
have been obta ined,  which i s  w i t h i n  t h e  range 
descr ibed as a  c loudburs t .  
SIDE VIEW 
\ 
F igu re  7. M u l t i t u b e  Nozzle 
F igure  8. Nozzle w i t h  Double Aerodynamic Spinners 
Sample h i s t o g r a m s  showing t h e  diameter 
s t a t i s t i c s  f o r  t h e  r a i n  produced by t h e  BURR1 
m u l t i t u b e  nozz le  and t h e  double sp inner  nozz le  
f o r  s i m i l a r  o p e r a t i n g  c o n d i t i o n s  are shown i n  
F i g s .  9 and 10. I t can be seen t h a t  t h e  d i s t r i b u -  
t i o n s  a re  ve ry  s i m i l a r  f o r  t h e  two nozz les.  
Concl ud inq Remarks 
S e v e r a l  nozz les have been developed t o  
s imu la te  ve ry  heavy r a i n  c o n d i t i o n s  i n  a  wind 
tunne l .  Prov ided t h e  d r o p l e t  i n j e c t i o n  v e l o c i t y  i s  
kep t  s u f f i c i e n t l y  c l o s e  t o  t h e  a i r s t r e a m  v e l o c i t y  
t h e  d r o p l e t s  w i l l  form w i t h  diameters c lose  t o  
t w i c e  t h e  i n t e r n a l  d iameter  o f  t h e  tube. I f  t h e  
two v e l o c i t i e s  d i f f e r  s i g n i f i c a n t l y  then  t h e  
d r o p l e t s  w i l l  break up i n t o  sma l le r  drops due t o  
aerodynamic e f f e c t s .  
A  nozz le  w i t h  double aerodynamical ly d r i v e n  
sp inners produces t h e  c l o s e s t  l i q u i d  water  content  
(LWC) t o  va lues t h a t  occur  n a t u r a l l y  i n  c loudburs t  
c o n d i t i o n s .  The sp inners cause t h e  t i p  o f  t h e  
nozz le  t o  f o l l o w  a  pseudo-random p a t t e r n  t o  
d i s t r i b u t e  t h e  d r o p l e t s  over  a  l a r g e r  area than 
would be covered by a  f i x e d  tube  nozz le.  
Photographs taken us ing  a  pulsed l a s e r  sheet 
t o  i l l u m i n a t e  t h e  s imulated r a i n  drops are d i g i t -  
i z e d  and processed t o  c a l c u l a t e  t h e  s t a t i s t i c s  
d e s c r i b i n g  t h e  r a i n .  
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NOZZLE ID: DOUBLE SPINNER 
YRlER PRESSURE I P S I I  I D 0  
WINO TUNNEL SPEED I F T / S E t l  2 0 0  
DOYNSTIEdM STdT IOU I I N C U I  1 0 0  
DROPS DIRRETER FREQUENCY D I S T R I B U T I O N  
=O  
VOLUME CONTRIBUTION V S  D I IMETER 
Figure 9. Rain Statistics with Double Spinner Nozzle 
at 180 psi and 200 ft/sec 
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Figure 10. Rain Statistics with Burr1 Nozzle 
at 80 psi and 220 ft/sec 
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